The coupling effects of low-frequency (LF) and high-frequency (HF) driving sources on plasma parameters and electron heating dynamics are investigated in low-pressure electronegative capacitive discharges. Kinetic particle simulations reveal frequency coupling mechanisms different from those characteristic of electropositive discharges operated in α-and/or γ -mode due to the presence of the drift-ambipolar electron heating mode in electronegative plasmas. Here, the LF component affects the electron heating at the collapsing sheath and inside the plasma bulk, having consequences on the separate control of ion properties and the electronegativity of the plasma.
(Some figures may appear in colour only in the online journal) Capacitively coupled radio frequency (CCRF) discharges have become widely used efficient tools for a variety of applications, ranging from plasma based etching and deposition procedures in the semiconductor industry to plasma assisted surface treatment of medical interest [1] [2] [3] . Extensive study of CCRF discharges has been, and still is, strongly motivated by the practical goal of clarifying the effect of external control parameters on process relevant plasma characteristics. Especially, the feasibility of the separate control of the ion flux and energy distribution at the substrate, which is crucial for applications, has been attracting particular attention. The realization of such control necessitates a detailed understanding of the complex physics of CCRF plasmas underlying the electron heating and ionization dynamics.
Electronegative plasmas are characterized by the presence of negative ions and, consequently, by the electronegativity ζ =n − /n e , wheren − is the negative ion andn e is the electron density averaged over the electrode gap. In the case of strongly electronegative plasmas (ζ 1),
properties (e.g. discharge structure, particle densities, electron power balance) different from those of electropositive or weakly electronegative discharges have been reported [4, 5] . The different behaviour is attributed to the peculiarities of electronegative plasmas, such as the development of a high electric field in the bulk region [6] or the formation of double layers [7] [8] [9] [10] . The strong bulk electric field was also found to affect the electron bounce resonance heating in electronegative plasmas [11, 12] . The heating of electrons and the corresponding ionization define the operation mode of the discharge. Electropositive CCRF discharges can operate in α-mode (at low pressures and driving voltages) [13] , where the ionization is dominated by electrons accelerated by the oscillating sheaths. In γ -mode (at high pressures and/or voltages) [13] , the ionization is dominated by secondary electron avalanches. At high pressures, e.g. in atmospheric pressure microplasmas, the ionization may be dominated by ohmic heating in the bulk ( -mode) [14] . In single-frequency (SF) discharges with high electronegativity, the drift-ambipolar (DA) operation mode has recently been identified and its physical origin has been clarified [15] . In DA-mode, the ionization is dominated by electrons accelerated (i) by a strong drift field in the plasma bulk due to the low dc conductivity resulting from the depleted electron density and (ii) by an ambipolar field at the sheath edges caused by local maxima of the electron density in the electropositive edge region of the discharge. Depending on the choice of global control parameters such as the processing gas mixture, pressure, and voltage, CCRF plasmas can be operated in a hybrid combination of several modes.
A 'classical' method for achieving independent control of the ion properties at the electrodes is the simultaneous excitation of the discharge by two substantially different frequencies [16, 17] . In such dual-frequency (DF) discharges, the ion flux is expected to be tunable by the high-frequency (HF) voltage (due to the enhanced electron heating at high frequencies), while the ion energy is adjusted by the lowfrequency (LF) voltage (by varying the mean sheath voltage). The efficiency of this method turned out to be reduced by the coupling of the driving frequencies in electropositive discharges [18] [19] [20] [21] : the LF component, expected to control only the mean ion energy at the substrate, was found to affect both the flux and the mean energy of ions reaching the electrodes. The origin of this effect is the modification of the electron heating and ionization dynamics in the HF periods due to the modulation of the sheath width by the LF component.
In this paper we address the question: How do the different driving frequencies interact in electronegative discharges? Answering this question is important, since understanding the frequency coupling is essential to realize the optimum control of process relevant plasma parameters in electronegative gases such as CF 4 , SF 6 , SiH 4 , BCl 3 , F 2 , Cl 2 , O 2 , which are frequently used for applications, e.g. plasma enhanced chemical vapour deposition and plasma etching [1] [2] [3] . The present investigations are based on the recent clarification of the electron heating and ionization dynamics in SF capacitive electronegative discharges operated in the DA-mode [15] . Our kinetic simulations of low-pressure DF CF 4 plasmas reveal two novel frequency coupling mechanisms, specific to electronegative discharges operated in the DA-mode or in a hybrid α-DA mode. Their physical origin and consequences on the separate control of the ion flux and mean energy at the electrodes as well as their influence on the electronegativity of the discharge are clarified.
The simulations are based on a one-dimensional in space, three-dimensional in velocity (1D3V) bounded electrostatic particle-in-cell (PIC) code complemented with Monte Carlo treatment of collision processes.
The simulations are performed for an electrode gap of d = 1.5 cm. One of the electrodes is grounded, while a voltage waveform of V (t) = V HF cos(2πf HF t)+V LF cos(2πf LF t) is applied to the other one. The frequencies are f HF = 27.12 MHz and f LF = 1.937 MHz, the voltage amplitudes, V HF and V LF , are varied at different pressures. The plasma species considered in the model are electrons, CF + 3 , CF − 3 and F − ions. The gas temperature is fixed to 350 K. The cross sections and rate coefficients are taken from [22] [23] [24] , the ion-induced secondary electron emission coefficient, γ , is set to 0.1, the probability of electron reflection from the electrodes is 0.2, the ion-ion (CF [25] . Details of the PIC simulation code for CF 4 can be found in [26, 27] . Figure 1 shows the frequency coupling in case of weakly electronegative plasmas at 10 Pa. In the first column, discharge characteristics corresponding to SF (f HF = 27.12 MHz, V HF = 300 V) excitation are presented, while in the second column results for DF (f HF = 27.12 MHz, f LF = 1.937 MHz, V HF = 300 V, V LF = 100 V) excitation are shown. In each column, spatiotemporal plots of the electron heating rate, ionization rate, electric field, electron density, and electron conduction current density are presented. The plots cover 516.26 ns corresponding to one LF period (14 HF periods). Under such conditions, both the SF and DF plasmas are characterized by a low electronegativity, 0.22 and 0.41, respectively. The discharge characteristics observed here are typical of SF and DF excited low-pressure electropositive plasmas operated in α-mode. Comparison of the results of the SF and the DF excitation reveals the 'classical' frequency coupling [18] [19] [20] [21] : the HF sheath is pushed away from the electrode at times of large LF sheath; the HF sheath oscillates with a smaller velocity (due to increasing ion density towards the bulk); this results in less effective acceleration of electrons by the expanding sheath and, therefore, reduced ionization.
In figure 2 , we show results obtained for the case of strongly electronegative plasmas at a higher pressure of 80 Pa. Again, simulation results are presented both for SF (f HF = 27.12 MHz, V HF = 100 V) excitation (first column) and DF (f HF = 27.12 MHz, f LF = 1.937 MHz, V HF = 100 V, V LF = 200 V) excitation (second column). Under these conditions, the electronegativity of the SF and DF discharges are 32.5 and 27.8, respectively. The high electronegativity is caused by enhanced electron attachment at higher pressures. In the first column, the discharge characteristics correspond to the DA operation mode of an electronegative discharge excited by a single HF source [15] : strong electron heating and ionization in the bulk plasma region and at the collapsing sheath edges are found to be dominant compared to the ionization by electrons accelerated by the expanding boundary sheaths; the electric field is high in the bulk (where the density of electrons is depleted), and at the collapsing sheath edges (where the gradient of the electron density is maximum); the electron conduction current density is maximum in the bulk. In this case, the spatiotemporal plots exhibit completely symmetric patterns within the two halves of any HF period. This behaviour is substantially altered when an LF source is applied simultaneously, as can be seen in the plots of the second column. For an explanation of these results, knowledge on the electron heating dynamics in the DA-mode operation is recalled.
In [15] , an analytical model clarified that the electron heating in the DA mode is caused (a) by a drift field in the bulk region, E D = j/σ dc , where j is the electron current density and σ dc = (n e e 2 )/(m e ν c ) is the dc conductivity, and (b) by an ambipolar field at the sheath edges, E A = −kT e /(en e )(∂n e /∂x), where n e is the electron number density, e is the elementary charge, m e is the electron mass, ν c is the electron-neutral collision frequency, k is the Boltzmann constant, T e is the electron temperature. Here, it is found that the LF component affects the electron heating and ionization both in the bulk region and at the sheath edges via the following two frequency coupling mechanisms:
(i) The drift field, E D , in the discharge center is influenced by the interaction of the HF and LF currents in the bulk, resulting in asymmetric electron heating and ionization patterns within one HF period. During the first half of the LF period, when the LF sheath expands at the powered electrode, at times of HF sheath expansion both RF sources cause electrons to be accelerated in the same direction (towards the grounded electrode). At times of HF sheath collapse the acceleration of electrons due to the HF component (towards the powered electrode) is opposite to that produced by the LF source. During the second half of the LF period, when the LF sheath collapses, constructive electron acceleration of the two RF sources (towards the powered electrode) takes place at times of HF sheath collapse, while at times of HF sheath expansion their effects on the electron motion are coupled in a destructive way. The result of this interaction is the asymmetric variation of the electron conduction current density, j , over each HF period, as can be seen in figure 2(j ), and consequently, the variation of the strength of the drift electric field in the bulk. This, in turn, causes the electron heating and ionization due to E D to be strong only at phases when the electron currents generated by the RF sources are both directed towards the same electrode. The modulation of the bulk electron density close to the sheath edges ( figure 2(i) ) is induced by the time modulated total ion density distribution in the bulk. (ii) The development of the ambipolar field, E A , at the sheath edge is affected by the modification of the sheath length by the LF source. The maximum electron density is always at the same position (around 0.25 cm and 0.4 cm in front of the electrodes in the SF and DF scenarios, in figure 2(d) and (i), respectively). Due to the LF voltage the sheath edge is pushed away from the electrodes and the sheath covers these positions at distinct times of maximum sheath width within the LF period. This results in the elimination of the electron density peaks at these phases, since essentially all electrons are pushed out of the sheaths at these times. The lack of local maxima and that of a strong gradient of the electron density prevents the development of a strong ambipolar field at these times. Consequently, electron heating caused by E A and the related ionization at the collapsing HF sheath edge are observed only at phases when the sheath width is small and the position of the electron density peaks is not reached by the sheath edge at a given electrode. Figure 3 shows the average energy of ions arriving at the electrodes, E i , their flux, i , and the electronegativity of the discharge as functions of the LF voltage amplitude, V LF , for three different values of the HF voltage amplitude, V HF , at 80 Pa. The trends of increasing E i by increasing V LF in figure 3(a) , for all values of V HF , as expected for a DF discharge, can be explained by the increase of the mean sheath voltage by applying a second voltage source. In case of V HF = 60 V, at V LF = 0 V, the SF discharge is strongly electronegative and operates in the DA-mode. Here, the sheath length is small and the bulk region, confining the negative ions, is large. Applying an LF source, an increase of V LF causes a pronounced increase of the sheath widths and causes the bulk to shrink. This forces the electronegativity to decrease, since negative ions are only present in the bulk ( figure 3(c) ). However, the electron heating and ionization in the reduced bulk region are enhanced by the constructive coupling of the two RF sources at distinct times of the LF period. Therefore, an increase of i is observed as a function of the LF voltage amplitude ( figure 3(b) ). Increasing V HF to 100 V, the SF discharge operates in a hybrid α-DA mode, where significant ionization is induced by electrons heated by the sheath oscillations, as well as by those heated in the bulk region and at the collapsing sheath edge. An increase of V LF results in larger sheath widths and a decrease of the electronegativity for high values of V LF . Under such conditions the classical frequency coupling mechanisms affecting the sheath expansion heating and the novel coupling mechanisms affecting the DA-mode are both present. While the first mechanism causes i to decrease as a function of V LF [28] , the latter causes i to increase. For V HF = 100 V both effects compensate each other resulting in an almost constant ion flux as a function of V LF . In the case of V HF = 200 V, the SF discharge operates also in hybrid α-DA mode, but most ionization is caused by electron beams generated by the sheath oscillations. Therefore, α-mode operation dominates over the DA-mode. In this case, i decreases with increasing V LF as a consequence of the classical frequency coupling mechanism depressing the electron heating and ionization at phases of a large LF sheath.
In conclusion, we have identified two novel coupling mechanisms in electronegative dual-frequency CCRF plasmas operated at substantially different frequencies affecting the electron heating (i) in the plasma bulk due to constructive/destructive interaction of drift electric fields originating from the HF and LF sources and (ii) at the collapsing sheath edge due to ambipolar electric fields influenced by the LF voltage amplitude via a modification of the sheath width. Based on a detailed kinetic analysis of these phenomena, their effect on the discharge operation and plasma parameters has been clarified. It is noted that these frequency coupling mechanisms are expected to be present in electronegative discharges operated in gases other than CF 4 as well, having consequences on the separate control of ion properties at the electrodes.
